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To study the process and property of hot-rolled stainless steel/carbon steel cladding bar, 
a rational pass system is designed for rolling and the bonding strength between the stainless 
steel cladding and carbon steel core was investigated by using shearing test and bending test. 
Then, the bonding interface, element diffusion and shearing fracture surface were analyzed by 
applying optical microscope, EDS and SEM. The results show that the thickness distribution 
of stainless steel shell is homogeneous; the metallurgical bonding between the two metals is 
formed after the third pass rolling and the shearing strength of the interface is more than 307 
MPa. At the same time, the bending property of the bar displays well. The interface region is 
clearly divided into stainless steel zone, transition zone and carbon steel zone. Element diffusion 
occurs at the interface that the Fe of carbon steel diffuses into stainless steel and the Cr, Ni, Mn 
of stainless steel diffuse into carbon steel. It makes the formation of the transition zone with 20 
μm in width in carbon steel and the total width of diffusion zone is 30 μm. Shearing strength of 
the interface after the sixth pass rolling is higher than the carbon steel substrate and the shear-
ing fracture occurs in the carbon steel. 
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Разработана рациональная система для прокатки, исследована прочность сцепления 
между облицовкой из нержавеющей стали и ядром из углеродистой стали путем испытаний 
на сдвиг и изгиб. Проанализированы поверхность сцепления, диффузия элементов и 
поверхность разрыва при сдвиге с применением оптической микроскопии, ЭДС и СЭМ. 
Результаты показывают, что распределение толщины оболочки из нержавеющей стали 
является однородным.  Сцепление между этими двумя материалами формируется после 
третьего прохода прокатки, а прочность сцепления межслоевой границы составляет более 
307 МПа. Изгибные свойства бруска оказываются хорошими. Область сцепления четко 
разделяется на зону нержавеющей стали и зону углеродистой стали. Диффузия элементов 
возникает на границе, причем Fe из углеродистой стали диффундирует в нержавеющую 
сталь, а Cr, Ni, Mn из нержавеющей стали диффундирует в углеродистую сталь. Это 
приводит к формированию переходной зоны шириной 20 мкм в углеродистой стали, 
ширина диффузионной зоны составляет 30 мкм. Прочность на сдвиг межслоевой границы 
после шести проходов прокатки становится выше, чем для подложки из углеродистой стали, 
разрушение сдвига возникает в углеродистой стали. 
Отримання і властивості облицювальних стрижнів, отриманих гарячим 
плющенням неіржавіючої сталі на вуглецевій сталі.  Джининг Яіа, Янан Гао 
Розроблена раціональна система для плющення, досліджена міцність зчеплення між 
облицюванням з неіржавіючої сталі і ядром з вуглецевої сталі шляхом випробувань на 
зрушення і вигин. Проаналізовані поверхня зчеплення, дифузія елементів і поверхня 
розриву при зрушенні із застосуванням оптичної мікроскопії, ЭДС і СЕМ. Результати 
показують, що розподіл товщини оболонки з неіржавіючої сталі є однорідним; Зчеплення 
між цими двома матеріалами формується після третього проходу плющення, а міцність 
зчеплення міжшарової межі складає більше 307 Мпа. Вигинисті властивості бруска 
виявляються хорошими. Область зчеплення чітко розділяється на зону неіржавіючої сталі 
і зону вуглецевої сталі. Дифузія елементів виникає на межі, причому Fe з вуглецевої сталі 
дифундує в неіржавіючу сталь, а Cr, Ni, Mn з неіржавіючої сталі дифундує у вуглецеву сталь. 
Це приводить до формування перехідної зони шириною 20 мкм у вуглецевій сталі, а повна 
ширина дифузійної зони складає 30 мкм. Міцність на зрушення міжшарової межі після 
шести проходів плющення стає вищою, ніж для підкладки з вуглецевої сталі, руйнування 
зрушення виникає у вуглецевій сталі.
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1. Introduction
Because of climate and human factors, the 
corrosion of reinforcing steel bar has become 
one of the important reasons of premature de-
terioration of concrete buildings and infrastruc-
ture [1-3]. Using stainless steel bar will solve 
this problem, to some extent [4, 5]. However, 
stainless steel bar cannot be widely used due to 
its high price. Therefore, using various ways to 
fabricate stainless steel/carbon steel cladding 
material or other cladding materials come into 
being [6, 7]. Stainless steel/carbon steel clad-
ding bar, which is made up of corrosion resis-
tant stainless steel outer layer and carbon steel 
core, is a new material used in construction. 
It takes account of the corrosion resistance of 
stainless steel and the mechanical properties of 
carbon steel as well as the lower cost compared 
to the homogeneous stainless steel bar.
For bimetallic bar, more attention is paid to 
the research of the soft metal bar by extrusion 
[8, 9]. For the production of stainless steel/car-
bon steel cladding bar, hot rolling is the most 
economical and efficient method to make the 
two metals be metallurgical bonding. H. Dyja 
and others created a mathematical model to 
simulate the metal flow of bimetallic bar in roll-
ing process, and summarized the rolling tech-
nology of bimetallic bar [10, 11]. 
STELAX Company produces cladding bar 
under the trade name NUOVINOX. The com-
posite workpiece consists of two materials. The 
cladding is welded stainless steel tubes, and 
the core is made of scrap iron. After fabrication 
processing and pressure processing, it is hot 
rolled as the final process [12]. The manufac-
turer (SMI-Texas) produces cladding bar utiliz-
ing the Osprey Process, which involves blasting 
the molten stainless steel with nitrogen onto 
the heated carbon steel. After cooling slightly, 
it is feed into continuous hot rolling mill [13]. 
As to the applied research of rolling stainless 
steel/carbon steel cladding bar, there is no rel-
evant report in China. 
Metallurgical bonding between the two 
materials is a key indicator of the property of 
cladding bar. Due to the different deformation 
resistance and extension of the two metals, it 
is difficult to guarantee the bonding strength 
and compatible deformation. So, it is important 
to know how to roll the qualified bimetallic bar 
successfully. As the metallurgical bonding be-
tween the two materials at the first few passes 
in the rolling process, it is especially important 
to study these passes. Therefore, experimental 
study is carried out for the process and prop-
erty of hot-rolled stainless steel/carbon steel 
cladding bar, and a rational pass system is de-
signed. In the rolling process, the deformation 
characteristics of the two metals and the thick-
ness distribution of stainless steel and bonding 
strength are observed. Also, the interface state, 
fracture morphology and the diffusion of ele-
ments are analyzed by using optical microscopy, 
SEM and EDS. The bonding mechanism of met-
als is discovered. At last, the feasibility of hot 
rolling cladding bar by using this system is veri-
fied, and it will offer advice to industrial produc-
tion of stainless steel/carbon steel cladding bar.
2. Experimental
2.1 Specimen prepartion
Specimen is made up of type 304 stainless 
steel pipe and Q195 carbon steel core. The ini-
tial diameter is 22 mm for stainless steel shell 
and 17.2 mm for carbon steel core respectively. 
The wall thickness of pipe is 2 mm. There is 
a coating of oxide or filth, which attaches to 
the metal surface inevitably and influences 
the bonding of two metals. So, it is important 
to clean the metal surface. The inner surface 
of stainless steel pipe is polished by sandpaper 
and carbon steel surface is descaled by a wire 
brush. These also create surface roughness and 
make the virgin metal surface exposed. After 
inserting the carbon steel core into the stain-
less steel pipe, the composite bar is drawn by 
using drawing machine, and it makes a tight 
fit between the two metals. Then the drawn 
bar is cut to specimens, which are 150 mm for 
length, 20mm for diameter and 1.8 mm for wall 
thickness. Due to different thermal expansion, 
interstices maybe appear between the two met-
als when heated. In order to prevent the bar 
from being oxidized, the ends of specimens are 
welded as shown in Fig. 1. 
2.2 Pass system
Pass system is a basic aspect for rolling stain-
less steel/carbon steel cladding bar successful-
Fig. 1 Process of specimen preparation
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ly. Proper pass system helps to make the metal 
flow reasonable and prevent the emergence of 
complex stress state, which might cause defects 
in the cladding, such as non-uniform thickness, 
micro-damage and wrinkles, etc. Moreover, the 
optimal pass system can increase the contact 
stress of the interface and promote the metal-
lurgical bonding of the two metals. 
The role of passes is to make the metallur-
gical bonding appear quickly under the large 
rolling pressure, plastic strain and interfacial 
stress. So the lengthening coefficient and stabil-
ity of passes are necessary. Experiment adopts 
autonomous rational pass system. As shown in 
Fig. 2, six passes are used in the diamond-dia-
mond-diamond-square-oval-round system for 
experiment. The roller’s diameter is 220 mm, 
and speed is 0.1 r/s. Specimens can be rolled 
after being heated for 30 min at 1150 °C in a 
muffle furnace.
2.3 Mechanical test
The bonding strength between stainless 
steel cladding and carbon steel core is a key 
judgment standard for evaluating the qual-
ity of cladding bar. A shearing test is used to 
measure the strength. The specimen shown 
in Fig. 3 is obtained along the axis of cladding 
bar. Through measuring the length and width 
of the binding region, the contact area can be 
calculated. In the experiment, a WD-1 uni-
versal material tester is used. The Schema of 
shearing test is shown in Fig. 4. The shearing 
forces in three positions around the circumfer-
ence of cladding bar are measured. Then the 
mean shearing force can be get. The maximum 
shearing strength can be calculated according 
to the formula,
tb = F/A
Where tb, F and A are the maximum shearing 
strength, shearing force and the area of the 
bonding region respectively. 
3. Results and discussions
3.1 Shape and Size
After rolling, the surface of cladding bar is 
burnished and acid cleaned to remove the sur-
face oxide layer. The bar rolled by each pass 
is shown in Fig. 5. It can be seen that the lat-
eral spread of bars is uniform after the first two 
passes rolling but broader ends with narrower 
middle part after the third pass, and the middle 
proportion increases with the pass continuing. 
Due to the existence of oxygen, the both ends 
of workpieces would be oxidized during rolling 
process. Meanwhile the extension of the core is 
easy, so the contact stress is little and relative 
sliding between two metals appears, then the 
metallurgical bonding cannot be formed. These 
are two main reasons why the lateral spread at 
ends is larger than it at the bonding part. No 
bonding appear between the two metals during 
the first pass rolling, so there is no significant 
difference between the ends and the intermedi-
ate section in the lateral spread. In the second 
pass rolling, the extension coefficient and the 
contact stress of the interface at the top increas-
es, thus the bonding of two metals occurs in this 
region. However, the lateral spread mainly oc-
Fig. 2 Shape and dimensions of grooves
Fig. 3 Photo of shearing test specimen
Fig. 4 Schema of shearing test
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curs at the backward slip zone where bonding 
has not generated, so the width of workpiece is 
uniform in this pass. Metallurgical bonding ap-
pears at the reduction side in the middle of the 
rod in the second pass, so the deformation of 
the materials is compatible and there is no slip 
in this region during the third pass rolling. So, 
the middle part is narrower than the ends as is 
shown in Fig. 5.
The sizes and the morphology of cross-sec-
tions of six rolled samples are shown in Fig. 6. 
The carbon steel cores of samples are etched 
by 4% nitric acid alcohol after metallographic 
polishing. Because the corrosive action of nitric 
acid alcohol on 304 stainless steel is not obvi-
ous, it is easy to make a distinction between the 
stainless steel and carbon steel and observe the 
uniform distribution of the stainless wall thick-
ness. The interfaces of two metals are clear and 
smooth. The two metals are tightly combined 
and there is no wrinkle or cracks. It proves the 
rationality of the passes, and there is no stress 
concentration in the rolling process.
3.2 Mechanical properties
The result of shearing test can be seen in 
Fig. 7, which shows the changing trend of the 
bonding strength between two metals with the 
changing of passes. After the first pass, the 
shearing strength of the interface is 0 MPa, so 
it proves that there is no metallurgical bonding 
appearing even mechanical bonding. Then, the 
average shearing strength jumps to 157 MPa 
after the second pass, and up to 307 MPa af-
ter the third pass. In the following passes, it 
increases slowly and reaches about 333MPa at 
the last pass.
The metallurgical bonding between the two 
materials is formed from scratch in during the 
first three passes. Due to the little elongation 
coefficient of the first pass, interface contact 
stress of reduction side cannot make metal-
lurgical bonding formed. But in the second 
pass with a larger elongation coefficient, the 
metallurgical bonding forms in the reduction 
side. After the third pass, the bonding occurs 
at the spread side of the previous pass as well. 
At this moment, metallurgical bonding appears 
in the circumferential direction of the contact 
interface. Therefore, the shearing strength of 
the third pass is 2 times larger than the sec-
ond pass. After this pass, the area of the metal-
lurgical bonding region increases slowly, so it 
can be seen the slowly increasing of shearing 
strength.
Bending test on rolled specimens is carried 
out. The middle part of specimens is split along 
the axis. Carbon steel core is defined as the 
inside and stainless steel layer as the outside 
respectively. There are three bending types, 
bending 180° inward, bending 180° outward 
and bending 180° laterally, as is shown in Fig. 
8. In the case of inward bending, metal at the 
bended position gets to broaden under pressure 
and stainless steel cladding becomes thicker 
and eversible. In the case of outward bending, 
metal gets to narrow under the tensile force, 
and stainless steel cladding becomes thinner. 
In the case of lateral bending, on the inner side, 
the cladding is under pressure and becomes 
thicker; on the out side, the cladding is under 
tensile force and becomes thinner. It can be 
seen that no matter tensile stress or compres-
sive stress appears in the interface, there is no 
Fig. 5. Photo of workpieces after each passes (a) 
after 1th pass, (b) after 2th pass,(c) after 3rd 
pass,(d) after 4th pass, (e) after 5th pass, (f) af-
ter 6th pass
Fig. 6 Size and morphology of cross-section
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crack or tear. Both the two metals display the 
same tensile strain and compressive strain.
3.3 Interface Analysis
After six passes rolling, the metallograph of 
the bonding region of cladding bar is shown in 
Fig. 9. It can be seen that there are three clear 
zones, stainless steel zone, transition zone and 
carbon steel zone. The region with grains in 
bottom left part is the carbon steel zone. The 
line in the middle consisting of intermittent 
dots is the original contact interface, and the 
top right region, which is not corroded by ni-
tric acid alcohol, is the stainless steel zone. The 
region between this line and boundary line of 
grains is the transition zone, which is 20 мm 
in width. By observing the line of demarcation 
between stainless steel and carbon steel, these 
black spots should be intermittent small holes, 
which may be the incomplete contacting rough 
surfaces or the residual impurities in the pro-
cess of preparing the workpieces. There is no 
obvious contact trace in the interface between 
stainless steel and carbon steel except these 
small holes, which proves that the metallurgi-
cal bonding has formed in these positions.
In order to investigate Element distribu-
tion of Fe, Cr, Mn, C, Ni in the transition zone, 
where is not corroded, EDS is introduced. The 
line scanning results are shown in Fig.10. The 
vertical line, whose left and right are the car-
bon steel zone and stainless steel zone, repre-
sents the interface. Element diffusion near the 
interface can be seen distinctly. As is shown in 
the picture, Fe diffuses to stainless steel from 
carbon steel, which makes the content of Fe in 
carbon steel decreasing but increasing in stain-
less steel. At the same time, Cr, Mn, Ni diffuse to 
carbon steel from stainless steel, which makes 
the content of these elements in stainless steel 
decreasing. It can be measured that the diffu-
sion distance of carbon steel is about 20 µm, 
which is as much as the width of the transition 
region in Fig. 9. It is the reason that there is no 
corrosion in this zone. The diffusion distance in 
stainless steel is about 10 µm. Therefore, the 
total width of diffusion zone on both sides of 
Fig. 7. The trend of shearing strength with the 
pass.
Fig. 8. Photos of bending test. (a) Bending 180° 
inward; (b) Bending 180° outward; (c) Bending 
180° laterally.
Fig. 9. Metallograph of bonding region
Fig. 10. EDS line scanning curves of bonding 
 region
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the interface is 30 µm. Since the content of C 
in stainless steel is similar as in Q195 and the 
C concentration gradient of both sides is very 
small, there is no significant diffusion occur-
ring according to the Fick diffusion law. 
The shearing fractograph of the sixth pass 
is shown in Fig. 11. Fig. 11(a) shows the side of 
the carbon steel and Fig. 11(b) shows the side of 
the stainless steel. It can be seen that the mor-
phology of both sides is very similar and there 
are typical ductile dimples, which inclines with 
large leaning angle towards to a specific di-
rection. The inclination as shown is occurred 
because of the larger shearing sliding of the 
shearing plane. Due to the strength of stainless 
steel is higher than carbon steel, it can be esti-
mated that the material of dimple on stainless 
steel side is carbon steel and shearing fracture 
appears on carbon steel. In addition, based on 
the discussed above, it can be concluded that 
the interface strength is higher than carbon 
steel and metallurgical bonding has happened 
between the two metals.
4. Conclusions
By rational pass system, stainless steel/car-
bon steel cladding bar is hot rolled successfully, 
and it can be seen clearly that the wall thick-
ness of the bar is even, the contact of the two 
metals is compact and there is no defect find.
After the first pass, the metallurgical bond-
ing of stainless steel and carbon steel cannot 
be achieved. There is only half of the interface 
having achieved metallurgical bonding after 
second pass rolling, and the full metallurgi-
cal bonding appears after the third pass. The 
shearing strength of the interface is more than 
307 MPa. There is no crack appearing when the 
specimens are inward bended, outward bended 
and lateral bended, and it shows that the bend-
ing performance of cladding bar is satisfactory. 
The bonding region near the interface of clad-
ding bar can be divided into three zones: stain-
less steel zone, carbon steel zone and transition 
zone. Elements diffusion has happened near the 
interface. Fe in carbon steel diffuses 10 µm to-
ward stainless steel and Cr, Mn, Ni in stainless 
steel diffuse 20 mm toward carbon steel, which 
makes the transition region display clear. The 
total width of diffusion zone is 30 mm. 
The shearing strength of interface is high-
er than carbon steel substrate. Therefore, the 
shearing fracture appears in carbon steel and 
metallurgical bonding has formed
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